Abstract-In clinical p ractice, brain SPECT is mostly p er formed using a dual-head SPECT scanner with fan-beam or p arallel-beam collimators rotating around the p atient's head. The resolution of such a system is ty p ically about 6-8 mm, which is rather p oor to image the com p lex structures of the human brain.
Abstract-In clinical p ractice, brain SPECT is mostly p er formed using a dual-head SPECT scanner with fan-beam or p arallel-beam collimators rotating around the p atient's head. The resolution of such a system is ty p ically about 6-8 mm, which is rather p oor to image the com p lex structures of the human brain.
We develo p ed a non-rotating multi-p inhole collimator for brain SPECT imaging with a resolution of 4 mm. A full-ring geometry allows for com p lete transaxial sam p ling. This enables the use of a stationary collimator. The collimator is a tungsten ring with two rows of p inholes. Each p inhole can individually be o p ened or closed with shutters. A sequence of shutter movements is p er formed to obtain an acqnisition setu p that simulates a rotational movement. The collimator is designed for the LaPET system (a PET detector ring made of 24 LaBr3 detectors) and is o p timized to maximize the system p erformance, resulting in a collimator radius of 145 mm and a p inhole diameter of 2 mm. This system has a sensitivity that is 4 times lower than a dual-head system with LEHR p arallel-beam collimators. However, the resolution is is a technique often used in nuclear medecine for the diagnosis of neurological disorders. Tracers such as the Tc-99m labeled HMPAO and ECD are widely used in clinical practice for cerebral perfusion imaging which is used in the evaluation of epilepsy, cerebrovascular disease, trauma and dementia [2] .
In clinical practice, brain imaging is often performed with a dual-head SPECT scanner with fan-beam or parallel-beam collimators rotating around the patient's head. The resolution of such a system is typically 6-8 mm, which is rather poor to image the complex structures of the human brain. Therefore, brain imaging is now often performed with Positron Emission Tomography (PET), where a resolution of 2-6 mm can be achieved. PET tracers, however, have many drawbacks. The tracers have a shorter half-life, which makes them more difficult to handle and not suitable for long studies. Some PET isotopes even require a cyclotron at site. SPECT isotopes, on the other hand, have a longer half-life and therefore easier to handle.
In the past, simulations have shown that the resolution of brain SPECT can be improved using multi-pinhole collimators [3] [4] . A better resolution results in a better diagnosis and thus in a better treatment for the patient. We designed a static full-ring multi-pinhole collimator for brain SPECT imaging with a target resolution of 4 mm. The system is schematically represented in Figure 1 . The collimator is optimized for an existing detector ring: the LaPET system [5] (a PET detector ring made of 24 LaBr3 detectors of 27 by 60 pixels, each 4x4x30 mm large). The LaPET system was chosen because of its very good energy resolution (6%) and its large (258 mm) axial field-of-view (FOV ).
In this paper we first describe the general design of the collimator. Next, we describe how the collimator is optimized to maximize the system performance. Finally, we describe the reconstruction of a resolution phantom simulated with a Monte-Carlo algorithm.
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II. MATERIALS AND METHODS

A. General design
A naive design of a multi-pinhole collimator for brain SPECT would be a tungsten ring with one row of pinholes, where each pinhole sees the full transaxial FOV. However, this design has two issues. The first issue is the opening angle of the pinholes, which needs to be large enough to image the full transaxial FOV. A large opening angle, however, results in a large amount of pinhole penetration, which degrades the system resolution. The second issue is the angular sampling. In order to reconstruct the image, it is necessary to acquire projections from different angles. In a static full-ring multi pinhole collimator, the number of projections is defined by the number of pinholes on the collimator ring, which is limited by the number of projections that fit on the detector without causing overlap. If this is not enough for complete angular sampling, the collimator is typically rotated. Rotating a heavy collimator, however, often induces geometric uncertainties that cause artifacts in the reconstructed image. In the following two paragraphs we describe how both issues are solved.
1) truncating pinholes: To reduce the opening angle, pin holes with truncated projections are used. Each pinhole sees only half the transaxial FOV. To guarantee transaxial sampling completeness, a second row of pinholes is used, which see the other half of the transaxial FOV. The two rows are spaced 8.12 mm apart (fig 2) . The pinholes in the inferior row project on the inferior part of the detector and the pinholes in the superior row project on the superior part of the detector ( fig  3) . An annular slat is placed between the two pinhole-rings to prevent the projections from overlapping in the axial direction.
2) Shutter mechanism: To guarantee sufficient angular sam pling, the collimator is equipped with collimating shutters that block all radiation when they are moved in front of a pinhole. This allows to include more pinholes on the collimator, without causing overlap. A limited amount of pinholes is selected to obtain a first set of projections. After a certain acquisition time, these pinholes are closed and the neighboring pinholes are opened. This process can be repeated multiple times. A sequence of shutter movements is thus performed to obtain an acquisition setup that simulates a rotational movement. Each shutter also has a collimating element that is used to cut off the neighboring pinhole projections in order to obtain rectangular projections [6] .
B. Optimization
In the previous section, we described the general design of the multi-pinhole collimator. In this section, we will describe how the collimator was optimized to maximize the system per formance. The detector radius, the intrinsic spatial resolution of the detector and the FOV are known variables of the system and overlap is not allowed. The detector radius D is 466.65 mm, the intrinsic resolution Ri is 4 mm and the FOV for brain imaging is modeled as a cylinder with a diameter of 220 mm and a length of 124 mm [4] . The collimator radius c and the pinhole diameter d on the other hand, are unknown and need to be optimized.
We aim at an overall image resolution of 4 mm but we chose to design the collimator to have a spatial resolution of 3.5 mm in the center of the field-of-view (CFOV ). The optimization process now consists of maximizing the sensitivity given this spatial resolution RCFOV. This is achieved by calculating the volume sensitivity as a function of the collimator radius, plotting the result and finding the maximum. The sensitivity 9 of one pinhole for a certain point in the FOV, is described by equation (1). The volume sensitivity is then defined as an average of the sensitivity 9
for each point in the FOV, mul tiplied by the number of pinholes N that can simultaneously be opened without causing overlap. A ray-tracer is used to determine which points of the FOV are seen by the pinhole. For those points that are not seen by the pinhole, the sensitivity 9
is zero. For the other points in the FOV, the sensitivity 9 is described by the following equation 
0: is the opening angle of the pinhole and /-L is the attenuation coefficient of the collimator material. The value for tungsten used here is 3.3976. Thus, the sensitivity 9 only depends on the pinhole diameter d. The volume sensitivity also depends on the number of pinholes N and the FOV of the pinholes. Later in this section, it is shown that the pinhole diameter d can be expressed as a function of the collimator radius c, given the spatial resolution RCFOV. The number of pinholes N that can simultaneously be opened without causing overlap can also be expressed as a function of the collimator radius. And for a given collimator radius, the FOV of the pinholes can also be determined. Thus, the volume sensitivity only depends on the collimator radius. By plotting the volume sensitivity as a function of the collimator radius, the optimum can easily be found.
In the remainder of this section we will describe how d and N can be calculated.
As the spatial resolution RCFOV is known, the resolution effective diameter dRe f f can be calculated using the following equation [9] :
M is the magnification of the system and is described by:
dRe ff is the resolution effective pinhole diameter and is described by the following equations [10] :
drell and drel. are the resolution effective pinhole diameter in the parallel and the perpendicular direction. If the plane X=O is defined by the normal to the detector plane and the vector from the pinhole to the voxel, then the parallel direction is along the y axis and the perpendicular direction is along the x axis. For the optimization process, the pinholes are assumed to focus on the CFOV, so the incidence angle 0 is assumed to be �. Equations (5) and (6) can then be reduced to one equation: (7) Equation (3), (4) and (7) are then combined and rearranged to explicitly show d:
Finally, the number of pinholes N that can simultaneously be opened is described by the following equation: 
The result of the optimization process is discussed in section III-A.
C. System evaluation
After optimizing the collimator, a Monte-Carlo simulation of a resolution phantom is performed using GATE [11] . The phantom is modeled using a grid with IxlxI mm voxels ( fig  7a) . The phantom has a diameter of 220 mm and an axial length of 124 mm. The rods have different diameters (from 1.5 mm to 8.0 mm) and have an activity concentration that is 4 times higher than the background activity. Since we are only interested in the system resolution, a total activity of 30 mCi is used and phantom scatter and attenuation were not included in the simulation. 3 bed positions with an 8 mm shift are acquired in the central part of the axial FOV. The total duration of the simulated scan is 360 seconds. The projections are then reconstructed to a grid with 2x2x2 mm voxels using Ordered Subset Expectation Maximization (OSEM). The forward projector and the back projector are implemented using a ray-tracing algorithm. Resolution recovery is included, based on a multi-ray approach using 7 weighted rays [12] . The reconstruction was performed using 8 subsets and 20 iterations.
III. RESULTS AND DISCUSSION
A. Optimal collimator design
From equation (1) it follows that the smaller the collimator radius the higher the sensitivity in each point in the FOY. But the volume sensitivity also depends on the number of pinholes and the FOV of the pinholes. However, the smaller the collimator radius, the shorter the axial FOV and the lower the number of pinholes that can be opened simultaneously. Therefore, finding the optimal collimator radius is not trivial and the result strongly depends on the application. The opti mal collimator radius is the one that maximizes the volume sensitivity, summed over the number of pinholes. The result of the optimization process is shown in figure 5 . The volume sensitivity is plotted against the collimator radius, which has a lower and an upper limit The lower limit is due to the physical size of the patient's head, which needs to fit in the collimator ring and the upper limit radius is due to the specification of 3.5 mm resolution in the CFOY. When the collimator radius increases, the magnification becomes smaller and at a certain point, the resolution of 3.5 mm cannot be achieved any more (even with very small pinholes). From figure 5 we can conclude that for this application, the larger axial FOV and the higher number of pinholes do not compensate for the decrease in point sensitivity and that the smallest collimator radius results in the highest volume sensitivity.
Based on this conclusion, we decided to choose the colli mator radius as small as possible, while leaving enough space for the patient's head. We chose a collimator radius of 145 mm with 128 pinholes (64 in each row). 16 pinholes can then be opened simultaneously without causing overlap (8 in each row). For this collimator radius, a pinhole diameter of 2 mm is required to achieve a resolution of 3.5 mm in the CFOY. In the final design, each pinhole sees slightly more than half the transaxial FOV, so that sensitivity is higher in the central part of the FOY. Figure 6 shows a map of the sensitivity in each point of the FOV (for one slice). The sensitivity is highest in the CFOV (1.84.1O-4 cps/ Bq). The volume sensitivity is 4.35.1O-5cps/ Bq/cm3. After optimizing the collimator, the final design is validated using Mont-Carlo simulations. The projection data of a reso lution phantom is successfully reconstructed (fig 7b) and the resulting image shows that a resolution of 4 mm is indeed achieved IV. CONCLUSION We have presented a non-rotating multi-pinhole collimator for brain SPECT. Simulations and calculations predict a sys tem resolution of 4 mm, a sensitivity of 1.84.1O-4 cps/ Bq in the CFOV and a volume sensitivity of 4.35.1O-5cps/ Bq/cm3.
The point sensitivity is comparable to the sensitivity of a dual head system with LEHR parallel-beam collimators but the volume sensitivity is 4 times lower. However, the resolution is 2 times better, a trade-off that is supported by Muehllehner [1] . A quantitative study based on CNR-measurements will also be performed to further investigate the resulting image quality. In a next phase, multiplexing will be investigated using different configurations of the shutters on the prototype. Also, a prototype of this collimator will be tested on the LaPET system. This will allow us to determine the potential to leverage the LaPET scanner for SPECT imaging.
